The eruption style of silicic magmas is affected by the loss of gas (outgassing) during ascent. We investigate outgassing using a numerical model for one-dimensional, two-phase, steady flow in a volcanic conduit. By implementing Forchheimer's equation rather than Darcy's equation for outgassing we are able to investigate the relative influence of Darcian and inertial permeability on the transition between effusive and explosive eruptions. These permeabilities are defined by constitutive equations obtained from textural analysis of pyroclasts and determined by bubble number density, throat-bubble size ratio, tortuosity, and roughness. The efficiency of outgassing as a function of these parameters can be quantified by two dimensionless quantities: the Stokes number, the ratio of the response time of the magma and the characteristic time of gas flow, and the Forchheimer number, the ratio of the viscous and inertial forces inside the bubble network. A small Stokes number indicates strong coupling between gas and magma and thus promotes explosive eruption. A large Forchheimer number signifies that gas escape from the bubble network is dominated by inertial effects, which leads to explosive behaviour. To provide context we compare model predictions to the May 18, 1980 Mount St. Helens and the August-September 1997 Soufrière Hills eruptions. We show that inertial effects dominate outgassing during both effusive and explosive eruptions, and that in this case the eruptive regime is determined by a new dimensionless quantity defined by the ratio of Stokes and Forchheimer number. Of the considered textural parameters, the bubble number density has the strongest influence on this quantity. This result has implications for permeability studies and conduit modelling.
It has been suggested that outgassing during magma ascent can be described by Forchheimer's law (Forchheimer, 1901; Rust and Cashman, 2004) , an extension to Darcy's law, 28 which accounts for the effects of turbulence, 30 where z is the direction of flow, P is the pressure, U is the volume flux, µ g is the viscosity, ρ g is 31 the density of the gas phase. The Darcian permeability, k 1 , and the inertial permeability, k 2 , 32 account for the influence of the geometry of the network of bubbles preserved in the juvenile 33 pyroclasts. Figure 1 compiles permeability measurements as a function of the connected 34 porosity found in pyroclasts. In general, permeability increases with increasing porosity, but 35 there is large variability in the data sets. Effusive products are overall less porous than their 36 explosive counterparts, but have a similar range over 5 to 6 orders of magnitude in Darcian 37 and inertial permeability. 38 Textural studies have shown that the spread of permeability found in juvenile pyroclasts 39 is caused by the variation in size, shape, tortuosity, and roughness of connected channels 40 through the network of bubbles (Figure 1; Blower, 2001; Bernard et al., 2007; Wright et al., 41 2006 Wright et al., 41 , 2009 Degruyter et al., 2010a,b) . Several constitutive equations that link these pa-42 rameters to the Darcian and inertial permeability have been proposed. In the present study 43 we use the Kozeny-Carman or equivalent channel equations as discussed by Degruyter et al.
44
(2010a)
Equations (5)-(6) represent the conservation of mass and equations (7)-(8) the conservation 84 of momentum for the magma phase (m) and the gas phase (g), where z is the vertical 85 coordinate, u is the vertical velocity, ρ is the density, φ is the gas volume fraction, n is the 86 gas mass flux fraction, q is the total mass flux, P is the pressure, F mg is the magma-gas 87 friction, and F mw and F gw are the wall friction with the magma and gas phase respectively.
88
The magma is incompressible and the gas density follows the ideal gas law, 90 where R is the specific gas constant of water and T is the temperature. Gas exsolution is 91 governed by Henry's law for water, 92 n = c 0 − sP 1/2 1 − sP 1/2 (n ≥ 0),
by combining models of Hess and Dingwell (1996) and Costa (2005): 
103 104 r c is the conduit radius, c = sP 1/2 is the dissolved water mass fraction, χ is crystal content,
105
B is Einstein's coefficient, and c 1 , c 2 , c 3 are fitting coefficients. Once magma fragments we 106 use turbulent gas-wall friction,
where λ w is a drag coefficient. 109
Outgassing

110
Below the fragmentation depth equation (1) is implemented for the interphase drag force 111 F mg ; above the fragmentation depth we use the model in Yoshida and Koyaguchi (1999) . To 112 ease calculations before and after fragmentation there is a gradual transition region between 113 φ f and a slightly higher gas volume fraction that we define as φ t = φ f + 0.05.
where C D is a drag coefficient and r a is the average size of the fragmented magma particles.
118
To implement the Kozeny-Carman type equations (2) and (3) we have to make some further 119 assumptions about the network of bubbles: 120 1. Various critical porosity values for percolation have been cited in the literature (Blower,
135
These asumptions bring us to the following closure equations for the permeability , 2007; Wright et al., 2009; Degruyter et al., 2010a,b) , and Degruyter et al.
143
(2010a) estimated f 0 between 10 and 100 for pumices. For comparison, f 0 for permeameter 144 standards used by Rust and Cashman (2004) is estimated to be around 0.025 and for packed 145 beds a value of 1.75 is found (Ergun, 1952) .
146
The set of equations (5)-(19) can be converted into two ordinary differential equations 147 for P and φ. We set the differential velocity between the two phases to be initially zero. In combination with two boundary conditions: (i) initial pressure P 0 , and (ii) atmospheric 149 pressure or the choking condition at the vent, this 2-point boundary value problem is solved 150 using the ordinary differential equation solver ode23s built in Matlab (Shampine and Re-151 ichelt, 1997) in combination with a shooting method. Table 1 summarizes model parameters 152 used in this study.
153
The behaviour of this model allows us to distinguish between explosive and effusive 154 eruptions. Figure 2 shows profiles of pressure, gas volume fraction, velocity, and permeability 155 for a representative explosive and effusive case. In the explosive case the pressure rapidly with U 0 and k 10 the reference velocity and Darcian permeability respectively (Appendix A).
173
When St is small the magma and gas phase are closely coupled and ascend at the same 174 speed, while for a large St the gas decouples from the magma and can ascend more rapidly 175 8 than the magma. Fo is the ratio of the inertial term and the viscous term in Forchheimer's equation
with ρ g0 and k 20 the reference gas density and inertial permeability respectively (Appendix feature that controls outgassing. The influence of other parameters is smaller, but we note 222 that uncertainty can be large, especially in the case of the roughness factor f 0 for which data 223 are sparse.
224
The textural studies by Klug and Cashman (1994, 1996) 1996) . The failure of the bubbles to form larger connected channels does not allow for 230 the gas to decouple from the magma and an explosive eruption results (St < St c ). The 231 spread for the roughness factor f 0 puts the MSH 1980 eruption in the turbulent outgassing 232 regime (Fo > Fo c ), implying that the outgassing was dominated by the inertial permeability.
Measurements of inertial permeability on MSH 1980 pyroclasts could test this hypothesis.
234
The use of a critical gas volume fraction as a criterion for fragmentation has been shown 235 to be oversimplified and a stress-based criterion either by critical strain rate or gas overpres-236 sure is now favored (Dingwell, 1996; Papale, 1999; Zhang, 1999) . However, using different 237 fragmentation mechanisms in a one-dimensional conduit model leads to qualitatively similar 238 results as the runaway effect that leads to increased acceleration will ensure all fragmenta- However, we can conclude that bubble number density, throat-bubble size ratio, tortuosity, 266 and roughness factor play a secondary role in controlling the mass flow rate. Figure 2 shows example (effusive) profiles produced for these 283 conditions. The mass flow rate in the explosive regime under SHV 1997 conditions is higher 284 by nearly two orders of magnitude, 2.2 × 10 6 kg/s. We stress that this is not related to 
288
Using again the strategy of Monte Carlo simulations over the textural parameter space, we obtain a new (St,Fo)-map for SHV 1997 conditions that is split into an effusive and 290 explosive region by a transition curve approximated by equation (22) with St c = 2.5 × 10 −5 291 and Fo c = 100. There is a strong shift of the transition curve compared to MSH 1980 with 292 St c about two orders of magnitude smaller. This is due to the two orders of magnitude 293 increase of the effective viscosity controlled by the increase in crystal content during ascent.
294
A parameter that is highly uncertain is the critical condition for explosive eruption, as we 295 cannot interpret pyroclast vesicularity of the SHV 1997 eruption in the same fashion as the 296 quenched samples from MSH 1980 eruption. We have chosen φ f = 0.8.
297
The bubble number density of the SHV 1997 eruptions during the dome-forming stage is 298 between 10 9 and 10 10 m −3 , based on the large-bubble population in the pyroclasts produced (Figures 3b and 4b) and thus that Π is the relevant quantity for the effusive-explosive 329 transition rather than St. Equation (27) reveals that the variation of Π is mostly due to 330 the ratio of the characteristic inertial permeability with respect to the conduit radius as 331 the density ratio between the magma and the gas will not vary much over a wide range of 332 parameters. Hence, in order to have an effusive eruption the inertial permeability that has 333 to develop during a volcanic eruption needs to be higher in a conduit with a large radius 334 than one with a small radius. In other words, a conduit with a large radius is more likely to 335 produce an explosive eruption. We scale the equations of the conduit model to permit better interpretation of the results.
581
The model parameters can be divided into three main groups: (i) conduit geometry L, r c ,
582
(ii) magma properties P 0 , T, c 0 , φ f , ρ m , χ 0 , and ( We then define the dimensionless quantities 600 u m = u m U 0 , u g = u g U 0 , ρ g = ρ g ρ g0 , µ m = µ l0 µ 0 , k 1 = k 1 k 10 , k 2 = k 2 k 20 , q =0 (A.9) (Table 2) . Therefore, the textural control on the effusive-632 explosive transition can be projected onto a St-Fo plane. We create such a St-Fo map for two 633 case studies by doing Monte Carlo simulations within the defined texture parameter space 634 (Table 1) .
635
Appendix B. Fragmentation mechanisms 636 We investigate the effect of different fragmentation mechanisms on the results, using 637 either a criterion based on (i) critical strain-rate, (ii) overpressure or (iii) volume fraction.
638
The strain-rate criterion was defined by Dingwell (1996) and Papale (1999) with G = 10 GPa. Note that we use the elongational strain-rate and not the shear-strain 641 rate, which cannot be assessed by a one-dimensional model (Gonnermann and Manga, 2003) .
642
Overpressure cannot be directly calculated in our model as the pressure between both phases 643 33 is at equilibrium. However, we assume the overpressure can be quantified by the dynamic 644 pressure induced by the interphase drag between the two phases 
